Purpose: To investigate and compare the surface roughness and morphology of posterior stromal lenticules created with a femtosecond laser using various pulse energies to that obtained with a mechanical microkeratome.
Results: Femtosecond laser-treated tissues revealed similar morphological features, however, with significant differences in surface roughness in relation to the energy pulse used for lamellar dissection (P , 0.001). The most regular stromal surface was achieved when using 0.50 mJ pulse energy; on the contrary, the roughest specimens were those dissected using 1.00 mJ pulse energy. No differences in surface roughness were measured between mechanically resected tissues and those treated using 0.50 mJ pulse energy (P . 0.05).
Conclusions: Atomic force microscopy submicron analysis of femtosecond-dissected donor tissues provided quantitative demonstration of the relation between pulse energy and stromal surface roughness. Surface quality of posterior corneal lenticules, comparable with that provided by mechanical microkeratome, is significantly improved when setting pulse energy for lamellar dissection of 0.50-mJ and 2-mm spot separations.
Key Words: atomic force microscopy, surface roughness, precut tissue, DSAEK (Cornea 2012;31:1369-1375) E ndothelial keratoplasty (EK) techniques are now replacing penetrating keratoplasty for the treatment of endothelial disease. Descemet stripping automated endothelial keratoplasty (DSAEK) is the most widely performed EK technique worldwide. Preparation of donor tissues by mechanical microkeratome allows surgeons to reduce donor-host interface irregularities and improve repeatability of donor central thickness, thus optimizing visual outcomes of DSAEK in comparison with manual Descemet stripping endothelial keratoplasty. [1] [2] [3] Femtosecond lasers are gaining interest because of their increased incision accuracy and repeatability. Researches have already demonstrated the reliability of this technology when applied to EK surgery [4] [5] [6] [7] [8] [9] ; there is, however, no general consensus whether this technology could really replace mechanical microkeratomes in the preparation of donor tissues for EK. Work remains including determination of how femtosecond laser parameters can be adjusted to optimize the creation of donor tissue, for example, how to increase donor stromal interface smoothness, possibly with homogeneous donor graft profile.
The stromal smoothness of a femtosecond laser dissection is related to the laser pattern used, the frequency and energy of the laser, and the type of applanation lens (flat or curved). 5, 6, 8, 9 A raster pattern has been demonstrated to provide a smoother stromal bed than a spiral pattern, and lower energy levels may result in an even photodisrupted stromal surface. 5, 6, 8, 9 On the other hand, evaluation of stromal bed quality of photodisrupted tissues has been performed using scanning electron microscopy (SEM), an imaging technique that requires gross preparation of tissues and does not provide quantitative measurements of the sample's surface submicron-sized features.
The aim of our study was to evaluate the surface morphology and roughness of posterior donor lenticules created with a commercial femtosecond laser platform using a quantitative nanoresolved imaging technique, such as atomic force microscopy (AFM). The posterior stromal surface quality was analyzed in relation to the pulse energy used for lamellar dissection of donor tissue and further compared with that obtained with a mechanical microkeratome.
MATERIALS AND METHODS
Fifteen fresh human donor corneas, not suitable for transplantation, were obtained from the Veneto Eye Bank Foundation (Zelarino-Venezia, Italy) and the Eye Bank of Rome (Rome, Italy). The mean donor age was 71.60 ± 5.01 years; the mean donor cadaver time and endothelial cell density were 11.75 ± 2.75 hours and 1825 ± 260 cells per square millimeter, respectively. All tissues were stored at 4°C in Eusol C (Alchimia, Padova, Italy) and used within 72 hours. Twelve posterior corneal lenticules were created with a commercial femtosecond laser, and 3 posterior lenticules were created using a 350-mm head mechanical microkeratome (Moria Evolution 3E; Moria, Antony, France).
Procedure
Before dissection, corneal thickness of each specimen was analyzed by anterior segment OCT (AS-OCT; Visante, Zeiss, CA). 10 The sclerocorneal tissue was then placed into a disposable artificial anterior chamber (AAC; Coronet; Network Medical Products, Ltd, North Yorkshire, United Kingdom), stabilizing the intrachamber pressure at 40 mm Hg. Pressure was measured using the Icare tonometer (Icare Finland Oy, Espoo, Finland).
A commercial femtosecond laser platform (Intralase iFS; Abbott Medical Optics, Abbott Park, IL) was used. The laser beam was centered at 1053 nm, the maximum pulse energy was 2.5 mJ, with pulse duration of 600 to 800 femtoseconds, and repetition rate was 150 kHz. The theoretical pulse diameter was less than 3 mm. Each sclerocorneal button was applanated using the disposable flat interface contact lens of the system, without the need of a suction ring. The anterior side cut parameters were the same for all specimens, setting the diameter at 8.50 mm, the anterior side cut energy at 1.70 mJ, the side cut angle at 90°, and the spot and layer separations at 3 mm and 2 mm, respectively. The anterior side cut depth was programmed in relation to the central corneal thickness of each tissue, aiming at obtaining a residual central thickness (RCT) of 150 mm. The lamellar cut diameter was set at 8.70 mm, that is, 0.1 mm wider than the vertical cut diameter on each side, to ensure complete dissection of anterior from posterior stroma. Tangential and radial spot separations were the same for all the specimens, fixed at the minimum distance of 2 mm each. Raster pattern scanning of the laser pulse for lamellar dissection was used in all specimens. Four different pulse energies for lamellar dissection of donor tissue were used: 1.00, 0.75, 0.65, and 0.50 mJ; each pulse energy was used to create a posterior sclerocorneal button in 3 corneal specimens.
Immediately after the procedure, the anterior stromal lenticule was gently removed from the recipient, while maintaining the specimen into the AAC. This maneuver was performed to determine the quality of cut by 2 surgeons (S.S. and D.S.L.).
After dissection, each corneal tissue was analyzed with the AS-OCT to measure the RCT of posterior stroma ( Fig. 1 ) and the central to peripheral ratio (C:P). The C:P ratio was calculated as the ratios between the corneal thickness measured at the apex and the average thickness measured at ±2 mm (C:P 2) and ±4 mm (C:P 4) from the apex.
All the specimens were then fixed in 2.5% glutaraldehyde solution for 24 hours. Before observation by AFM, the sclerocorneal buttons were trephined using a disposable 8.0-mm-diameter Barron vacuum trephine (Katena Products, Inc, Denville, NJ), while maintaining the specimen in the AAC. This procedure was performed after fixation to minimize any possible alteration in the structure and stromal surface of the specimens.
Imaging
A commercial AFM (Autoprobe CP; Veeco, Sunnyvale, CA) was used in contact mode. The 8.0-mm-diameter posterior corneal lenticules were carefully placed onto a custom-built Teflon microscope sample holder with the endothelial side facing downward and observed in balanced salt solution using V-shaped silicon nitride gold-coated cantilevers with a nominal spring constant of 0.06 N/m (Veeco). All images were acquired with a 256 · 256 point resolution with scan rates of 2 Hz per line. A single area on the cornea was imaged twice obtaining the same results, to ensure that the force exerted was not sufficient to damage the sample surface and cause artifacts. Only areas close to the center of each specimen were imaged in order to avoid misinterpretation of artifacts as surface features, due to forceps manipulation at the edges of tissues. Images were processed and analyzed using the specific AFM software. Surface measurements were made on 50 reference areas of 5 mm 2 for each corneal sample by calculating the average of the roughness within the given area (RMS ave) and the root mean square value of the roughness within the given area (RMS rough), that is, the SD of the height data.
After AFM imaging, all the samples were scanned by environmental SEM (ESEM; FEI Quanta 400; Hillsboro, OR) to obtain images of the stromal surfaces at lower magnification than AFM. ESEM enables imaging of nonconductive specimens and/or hydrated specimens. Samples do not need to be desiccated and coated with gold-palladium, as in standard SEM imaging, and thus their original surface characteristics are preserved. The combination of low temperature (,4°C) and high relative humidity (approximately 100%) at the sample surface minimizes dehydration during the imaging process. In this work, we set 5.9 mbar vacuum and 3°C temperature in the ESEM chamber, after fixing each sample to the microscope holder with a drop of silver nitrate.
Statistics
The 1-way analysis of variance test was used to statistically compare the differences among specimens treated with different methods (laser or mechanical dissection) or various femtosecond pulse energies. When statistical significance was found, the differences between samples were further compared using the Tukey test for pairwise comparisons. Differences with a P value of 0.05 or less were considered statistically significant.
RESULTS
The femtosecond laser demonstrated a high cut-depth accuracy, achieving a mean RCT of 155 ± 5 mm. The mean treatment time duration was 128 ± 4 seconds (range, 122-134 seconds). We did not experience any collapse or movement of the corneal dome during the procedure. The precut and postcut AS-OCT corneal profiles are summarized in Table 1 . No differences in the posterior corneal lenticule profile were measured between tissues treated with different pulse energies. The mean RCT in the specimens cut by the microkeratome was 163 ± 8 mm. No differences in the posterior lenticule profile were measured between laser-dissected and mechanically dissected tissues.
Complete femtosecond lamellar dissection was achieved in all specimens. Both surgeons were able to peel the anterior cap from the posterior stroma only using a forceps in all cases: this procedure was judged by both surgeons to be easier for tissues on which lower pulse energies (0.65 and 0.50 mJ) were used for lamellar dissection.
AFM was able to obtain high-resolution images from all specimens. Femtosecond laser-treated tissues revealed similar morphological features, however, with significant differences in surface roughness in relation to the energy pulse used for lamellar dissection ( Table 2 ). The most regular stromal surface was achieved when using 0.50 mJ pulse energy (P , 0.001) for lamellar dissection; on the contrary, the roughest specimens were those dissected using 1.00 mJ pulse energy. No significant differences (P . 0.05) were measured between samples treated with 1.00 or 0.75 mJ. A significant difference (P , 0.001) was measured between samples treated with 0.50 and 0.65 mJ energies. A nonlinear relation between pulse energy and stromal surface roughness was found (Fig. 2) .
Surface granules of variable dimensions and crater-like features or linear cracks of variable depth and length were observed in all specimens (Fig. 3) . Pools of collagen fibers (Fig. 4) were only observed in specimens on which lower pulse energies were used (0.65 and 0.50 mJ). On the contrary, diffuse granules were most often imaged on specimens where 1.00 or 0.75 mJ were programmed. Crater width was in general between 1.5-mm and 4.5-mm diameter with a depth ranging between 0.5 and 2.5 mm: deeper craters were seen in specimens treated with 1.00 and 0.75 mJ.
The corneal tissues cut with the microkeratome demonstrated a relatively even surface with periodic and frequent steps, parallel to each other (Figs. 4, 5) . No significant differences between the surface roughness of tissues cut with the microkeratome and those femtodissected using 0.50 mJ pulse energy were found (P . 0.05; Table 2 ).
DISCUSSION
DSAEK is the most widely performed EK procedure worldwide, and the recent refinements in eye banking methods, surgical techniques, and insertion techniques promise to render the procedure even more desirable. Though the cost of current commercial systems is high, femtosecond laser technology may offer a new method for optimizing surgical outcomes of EK surgery. Preparation of donor tissue can be performed immediately before starting the surgery. Additionally, the procedure has been demonstrated not to result in a significant amount of endothelial cell loss (4% ± 3%) when creating donor tissues of 150-mm RCT. 8, 11 Previous clinical studies have demonstrated the feasibility of femtoassisted DSAEK, 4-9 however without providing specifics on optimal laser parameters for the preparation of donor tissue. So far, it is an object of debate whether a femtosecond laser could be a valid alternative to the mechanical preparation of donor tissues for EK. 12 In this laboratory study, we analyzed the photodisrupted posterior surface of donor corneal tissues (prepared for EK) using AFM. We aimed to investigate the relation between the pulse energy used for lamellar dissection and the posterior stromal bed surface quality. For this reason, we maintained the laser spot separations fixed at 2 mm. We further compared the surface roughness of femtocreated donor tissues with that of mechanically dissected tissues.
AFM allows the investigation of the corneal specimens in a liquid medium (ie, closer to their native state) withminimal preparation of tissue, thus permitting the preservation of their state of hydration without altering the surface architecture. We standardized the AFM imaging of corneal tissue in previous studies, 13, 14 where we demonstrated no obvious differences between fixed and unfixed specimens during the examination, whereas fixation facilitated the acquisition of high-quality images even after a long time of observation. Because only small areas (eg, ,20 mm 2 in this study) of the corneal surface can be resolved by AFM to attain stable tip-tissue interactions and therefore high-resolution images, morphologic features larger than the single area scanned could be not properly detected. To avoid misinterpretation of the data acquired, the imaging session should be then performed on adjacent areas.
Images acquired with AFM revealed submicron irregularities on the posterior stroma after photodisruption by femtosecond laser pulses. Specimens on which relatively higher pulse energies for lamellar dissection were used showed the most irregular motion. A nonlinear relation between pulse energy and surface smoothness was found, showing how regularity is much improved when using pulse energy of 0.65 mJ or lower for full lamellar dissection.
Granules of various dimensions and divots or linear cracks of various size and depth were observed in all specimens: a more bumpy surface and more marked variations were found in specimens treated with 0.75 or 1.00 mJ, as shown by the higher root mean square values. Craters and streaks may be the result of cavitations' intersection or a selffocusing effect of the femtosecond laser pulses, whereas granules may represent coagulated collagen fibers.
14-18 Support for this hypothesis can be the fact that clear pools of collagen fibers were only imaged on samples treated with lower pulse energies (0.65 and 0.50 mJ), demonstrating lower thermal and chemical effects secondary to photodisruption at these energies. A nonlinear relation between surface roughness (here determined by RMS rough) and pulse energy was calculated. Surface quality is greatly improved when programming pulse energy for lamellar dissection of 0.65 mJ or lower. The line represents the nonlinear fit to the data (the vertical bars are ±1 SD). In the inset, the mean RMS rough (±1 SD) of the microkeratome-dissected tissues is shown. RMS rough, root mean square value of the roughness within the given area.
A smoother posterior stromal surface may be clinically desirable, likely providing a better optical quality of the graft comparable with that obtained after mechanical dissection of donor tissues. Indeed, an even stromal surface was seen, at AFM, in samples cut with the mechanical microkeratome. Periodic steps were observed on these tissues, likely because of the irregular motion of the blade during the cut. These features corresponded, at ESEM imaging, to a series of semicircular streaks, parallel to each other, oriented in the direction of the microkeratome blade. 12 Soong et al 6 found the presence of subtle concentric ridges at the posterior stromal interface in 3 of 29 femtosecond-dissected tissues. They postulated that these features may have been produced from the applanation lens. We did not observe similar morphologic features in any of the femtodissected tissues; it is likely that these subtle local concentric ridges may occur in tissues when the AAC pressure is too low (ie, ,20 mm Hg). It is therefore recommended to measure the AAC pressure before each cut and stabilize it at 40 mm Hg. It is worth noting that no statistically significant differences between the surface roughness of tissues cut with the microkeratome and 0.50 mJ pulse energy were measured.
Photodisruption is a complex photochemomechanical process, and we provide a detailed description in the Appendix. It begins with the formation of plasma (a state of matter, mainly constituted of water vapor and carbon oxides, similar to gas in which a certain portion of the particles are ionized), the size of which is dependent on the focal spot diameter of the system. Shock wave and cavitation bubble effects secondary to plasma formation are considered the main factors causing localized disruption of the collagen organization with femtosecond laser, given that the extension of the cavitation bubble depends on the laser pulse energy applied. The higher the pulse energy, the larger the cavitation bubble size (bubble-induced damage, ie, the linear extent of the damage zone, scales with the cube root of pulse energy). 19 Complete intrastromal lamellar dissection with smooth stromal interface requires contiguous photodisruption, in turn necessitating a match between the plasma volume and cavitation bubble size or equivalently, a match between the pulse energy and the spot separation. If the spot separation is too large for the chosen pulse energy, tissue islands are left behind that must be broken mechanically, increasing surface irregularity. 16, 20 If spot separations are too small, the cavitation bubble interferes with the next photodisruption, thereby preventing contiguous cutting. In both cases, the net result is that the cut becomes irregular. In theory, the most efficient tissue removal with even surface can be achieved by placing microplasmas adjacent to each other; in the optimum case, the ratio of the cavitation diameter at the moment of arrival FIGURE 3. AFM images showing the effects of photodisruption on samples treated with various pulse energies. The image area is 10 · 10 mm. The vertical range of the displayed data is shown on the left side of each AFM picture. The zero point of the bar corresponds to the lowest measured point in the image, whereas the upper limit of the bar is the highest point. The level bar is adjusted to obtain the best contrast for the picture. A 3-mm-diameter hole and various hills at the edge of the image can be noted in the sample treated with 1.00 mJ, revealing a relatively bumpy surface. Diffuse granules can be noted at the surface of samples treated with 0.75 and 0.65 mJ energies, although elongated features resembling collagen fibers can be noted in the 0.65 mJ lasertreated sample. Clear collagen fibers intersecting each other can be observed in the specimen treated with 0.50 mJ pulse energy. of the next pulse and the plasma diameter should approach unity. With the laser system used in this experiment, the optimum case could be approached by setting the pulse energy for lamellar dissection at 0.50 mJ and spot separations at 2 mm. On the other hand, stromal dissection using higher pulse energies may theoretically provide a more regular surface than reported in this study if spot separations are programmed at a distance larger than 2 mm. Secondary thermal effects of higher pulse energies can still affect the surface smoothness. The results from our study cannot automatically be generalized to other commercial femtosecond laser platforms.
The targeted posterior lenticule RCT was achieved by femtosecond laser with high accuracy, as previously reported. 5, 8, 12 We chose to dissect donor tissue at 150-mm RCT because it has been previously demonstrated not to induce endothelial damage. 8, 11 The posterior stromal lenticule profile was comparable with that provided by mechanical microkeratome, 5, 8, 21 creating a meniscus of increasing thickness at the periphery. Investigators have used a hyperopic contact lens to homogenize central and peripheral thickness when using a femtosecond laser. 22 In conclusion, quantitative analysis of stromal surface roughness using AFM demonstrated that for minimal spot separations (2 mm), the surface on which 0.50 mJ pulse energy for dissection of donor tissues for EK was used is more regular than that on which relatively higher energies were focused at the posterior stroma. The stromal surface quality of femtodissected donor tissues using 0.50 mJ pulse energy was comparable with that obtained with a mechanical microkeratome. Clinical studies are ongoing at our center to evaluate whether the surgical outcome of femtosecondassisted EK could be comparable with that obtained after mechanical preparation of donor tissues. FIGURE 5 . ESEM images of the posterior stromal surface dissected by femtosecond laser (A) and microkeratome (B). The photodisrupted (1.00 mJ pulse energy) surface of posterior human corneal stroma revealing the well-known stucco-like texture described by previous authors using SEM. The mechanically dissected stroma showing numerous parallel streaks onto the surface: these lines are due to the microkeratome blade edge.
